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Abstract This paper is the second of a two-part series that investigates passive buoyant tracers in the
ocean surface boundary layer (OSBL). The first part examines the influence of equilibrium wind-waves on
vertical tracer distributions, based on large eddy simulations (LESs) of the wave-averaged Navier-Stokes
equation. Motivated by observations of buoyant microplastic marine debris (MVPMD), this study applies the
LES model and the parametric one-dimensional column model from part one to examine the vertical distri-
butions of MPMD. MPMD is widely distributed in vast regions of the subtropical gyres and has emerged as a
major open ocean pollutant whose distribution is subject to upper ocean turbulence. The models capture
shear-driven turbulence, Langmuir turbulence (LT), and enhanced turbulent kinetic energy input due to
breaking waves (BWs). Model results are only consistent with observations of MPMD profiles and the rela-
tionship between surface concentrations and wind speed if LT effects are included. Neither BW nor shear-
driven turbulence is capable of deeply submerging MPMD, suggesting that the observed vertical MPMD dis-
tributions are a characteristic signature of wave-driven LT. Thus, this study demonstrates that LT substan-
tially increases turbulent transport in the OSBL, resulting in deep submergence of buoyant tracers. The
parametric model is applied to 11 years of observations in the North Atlantic and North Pacific subtropical
gyres to show that surface measurements substantially underestimate MPMD concentrations by a factor of
3-13.

1. Introduction

This study is the second of a two part series that investigates passive buoyant tracers in the ocean surface
boundary layer. The first part models the influence of idealized equilibrium wind-wave conditions on verti-
cal tracer distributions [Kukulka and Brunner, 2015]. The second part applies the model to investigate obser-
vations of buoyant plastic marine debris, which has emerged as a major ocean pollutant.

Plastic marine debris has been a known ocean pollutant for several decades, but only recently have scien-
tists started to study its widespread extent in all of our open oceans [Law et al., 2010, 2014; Cozar et al.,
2014; Eriksen et al., 2014]. Observations show that higher concentrations of plastic can be found in the sub-
tropical gyres consistent with convergence of surface velocity fields due to Ekman transport [Law et al.,
2010], although additional geographic coverage and plastic content is not well known. The majority of the
contamination found in the ocean is in the form of microplastic marine debris (MVPMD), which forms as
larger items fragment [Andrady, 2011]. The same chemically engineered properties that cause plastic to
fragment rather than biodegrade also allow them to withstand harsh ocean environments and have long
residency times [Andrady, 2011]. MPMD has many potentially adverse effects on marine life and their envi-
ronment including effectively absorbing and transporting harmful chemicals [Mato et al., 2001; Gold et al.,
2013], ingestion by marine life [Titmus and Hyrenbach, 2011; Davison and Asch, 2011; Laist, 1987; Thompson
et al., 2004], and transport of nonnative species to foreign waters [Teuten et al., 2007; Teuten et al., 2009].

A recent study found lower MPMD surface concentrations for higher wind speeds and MPMD concentra-
tions at depths up to 20 m, indicating that wind-driven mixing submerges MPMD [Kukulka et al., 2012b]. A
comparison of subsurface observations to a simple one-dimensional column model that captures wind-
driven mixing illustrates the mixing effect on vertical distributions of MPMD, but shows that the model sub-
stantially underestimates the observed concentration at greater depth [Kukulka et al., 2012b]. By applying
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our model from part one, this study addresses the hypothesis that wave-driven mixing results in the deep
submergence of observed buoyant MPMD.

Langmuir turbulence (LT) results from the interaction between the turbulent current flow and the Stokes
drift from surface waves [Craik and Leibovich, 1976]. The Stokes drift tilts vertical vorticity into the direction
of wave propagation resulting in counter-rotating cells that are approximately aligned with the wind and
wave direction [Leibovich, 1983; Thorpe, 2004; D’Asaro, 2014]. These cells can be up to several kilometers
long and may extend vertically to the mixed layer depth. They lead to an alternating pattern of approxi-
mately parallel surface convergence and divergence zones known as “windrows” [Leibovich, 1983]. Bubbles,
plastics, and other materials collect at the sea surface in these convergence zones associated with downwel-
ling, which inject them deeper in the water column [Colbo and Li, 1999; Skyllingstad, 2003; Harcourt and
D’Asaro, 2010; Liang et al., 2011]. Large eddy simulations (LESs) are a common modeling technique used to
study LT in the upper ocean [Skyllingstad and Denbo, 1995; McWilliams et al., 1997]. Comparisons to various
field observations show that LES successfully models the interaction between the turbulent current flow
and surface waves by the Craik-Leibovich vortex force [Skyllingstad et al., 1999; Gargett et al., 2004; Li et al.,
2009; Kukulka et al., 2009, 2011, 2012a, 2013; Harcourt and D’Asaro, 2010].

Breaking waves (BWs) also contribute to wave-driven mixing by injecting turbulent kinetic energy (TKE) into
the upper ocean [Terray et al., 1996]. Modeling BWs within LES is complicated due to their complex, unpre-
dictable nature [e.g., Melville, 1996]. Noh et al. [2004] simulated the turbulence generated by BW in an LES
model by imposing small-scale random surface forcing. Sullivan et al. [2007] represented BWs as stochastic
resolved-scale accelerations and TKE injections. In part one of this study, we implemented a physically moti-
vated BW model consistent with the previously utilized but significantly more complex BW models [Sullivan
et al, 2007; McWilliams et al., 2012; Noh et al., 2004]. All of these LES studies are consistent with elevated
TKE and TKE dissipation rates and increased mixing near the surface.

In this study, we investigate wave mixing effects on vertical distributions of observed MPMD using the mod-
els from part one. In the next section, we review MPMD observation data sets for the Atlantic and Pacific
Oceans. Section 3 discusses the modeling framework with explicit wave effects. In section 4, we compare
MPMD observations to simulations, before applying the model to estimate total (depth-integrated) MPMD
content in section 5. Final conclusions on the importance of wave-driven mixing on MPMD distributions are
presented in section 6.

2. Microplastic Marine Debris Observations

We analyze multiple data sets of surface concentrations and vertical profiles of MPMD obtained from Sea
Education Association (SEA) [Law et al., 2010, 2014; Kukulka et al., 2012b] (Figure 1, top). SEA collected plas-
tic debris using surface plankton net tows since the mid-1980s in the western Atlantic Ocean and since
2001 in the Pacific Ocean. A neuston net with a mouth size of 0.5 m by 1.0 m with a 335 um mesh is towed
at a ship speed of approximately 1 m/s for 30 min. As the net is towed across the surface, it collects marine
biomass and any debris that accumulates on the surface to about 0.25 m depth. Plastic debris is then sepa-
rated from the biomass and hand counted. The collected number of plastic pieces and tow volume, defined
as the length of the tow multiplied by the width of the net, are used to compute plastic concentration in
units of pieces per square km.

We use an 11 year subset of SEA surface plastic concentration observations; for North Atlantic Ocean expedi-
tions from 2003 to 2010 between 22°N-38°N and 40°W-77°W [Law et al., 2010] and for North Pacific Ocean
expeditions from 2002 to 2012 between 19°N-41°N and 118°W-177°W [Law et al., 2014], for a total of 708
surface observations (Figure 1, top). Each observation of surface plastic in this data set has a corresponding
wind speed observation measured with a shipboard anemometer mounted on the top of the main mast,
normalized to a standard 10 m reference height (U;o), and averaged over the duration of the net tow.

In contrast to the hundreds of SEA surface observations, we only have 13 subsurface plastic debris profiles
from June to July 2010 in the Atlantic Ocean between 26°N-32°N latitude and 40°W-55°W [Kukulka et al.,
2012b] and 8 subsurface profiles from October 2012 in the Pacific Ocean between 27°N-33°N and 136°W-
147°W (pluses in top plots, Figure 1). Each of these profiles contains a surface observation from a neuston
net tow, and at least one accompanying subsurface observation. The subsurface observations were made
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Figure 1. (a) Observed surface plastic concentration Ny, for the Atlantic and Pacific Oceans and (b) vertically integrated plastic concentrations N, computed from the model represent-
ing typical conditions with the observed N, and measured wind speeds. The pluses in Figure 1a show profile locations.

using a modified Aquatic Research Instruments multiple-net Tucker Trawl [Hopkins et al., 1973] (Atlantic pro-
files) and a custom-built Biological Environmental Sampling Systems Multiple Opening/Closing Net Environ-
mental Sampling System (MOCNESS) net (Pacific profiles), both of which sample depth layers without
contamination from casting or retrieving the net. Plastic concentration is expressed as number of plastic
pieces collected per unit volume, with volume calculated from flowmeter and GPS data. The data set also
includes wind speed measurements and the mixed layer depth for each profile, determined from a CTD
cast based on a 0.2°C temperature change threshold [de Boyer Montegut et al., 2004].

Laboratory experiments were conducted on a small subset of collected plastic pieces to measure the time
each piece rose a set distance in a columnar fluid chamber filled with artificial seawater. These experiments
gave a terminal buoyant rise velocity with mean and standard deviation of w;, = 1.4 + 0.7 cm s~ . This esti-
mate of w, is somewhat greater than, but still consistent with, the estimate from Reisser et al. [2015]. Plastic
pieces with higher w;, are more likely to be surface trapped and have lower concentration at depth as down-
ward turbulent mixing is not able to overcome the buoyant rise [Kukulka and Brunner, 2015]. As w,, decreases,
the distribution of MPMD approaches vertical homogeneity. Better constraining the range of buoyant rise
velocity through additional experiments is an important step for modeling MPMD concentration profiles.

3. Models of Passive Buoyant Tracers With Wave Effects

3.1. Large Eddy Simulations

We follow the approach from the part one study to model buoyant MPMD [Kukulka and Brunner, 2015]. We use
the large eddy simulation (LES) model established by McWilliams et al. [1997], modified to capture enhanced TKE
input due to BW and an idealized buoyant tracer. The LES code solves the Craik and Leibovich [1976] governing
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momentum equation averaged over the subgrid scale to capture the Langmuir circulation dynamics by the
Craik-Leibovich (CL) vortex force

Fo=tisX& (M
where U is the Stokes drift vector and @& is the vorticity vector. In part one, we specified u; for equilibrium
wind-sea conditions by U= (u;”X, 0, 0> with

0 b 2
in@=2 [ [ sta.p)exn |27 dpdo @

where g is gravitational acceleration, ¢ is the wave frequency, ¢ is the wave propagation direction, and z is
the vertical coordinate. The x, y, and z components of a three-dimensional vector are in the wind, cross-
wind, and upward directions, respectively. For all LES experiments, the Coriolis parameter is set to 104 s~ .
The wind-driven wave height spectrum S is parameterized based on the empirical spectrum from Donelan
et al. [1985], which depends only on wind speed and wave age c;’/u*a, where c;;’ is the peak phase speed
for the wind-driven sea, and u.,=+/1/p, is the air-side friction velocity with air density p,. For a given wind
speed at 10 m height Uy, the wind stress t is parameterized as t1=cpp,U?,, where the drag coefficient cp is

from Large and Pond [1982].

The LES model also solves the transport equation of a passive buoyant tracer with constant buoyant rise
velocity, wy, in an Eulerian framework to study the effects of BW and LT on mixing a passive buoyant tracer,
which acts as a proxy for MPMD.

3.2. Parametric Model
For equilibrium wind-sea conditions, LES results with wave effects of horizontally averaged concentration
profiles of passive buoyant tracers C(z) are compactly and accurately parameterized by

C(2)=C(0) exp (/j—%dé) 3)

where A(z) is the eddy viscosity, which is constant near the sea surface and varies with depth below a transi-
tion depth z; [Kukulka and Brunner, 2015]. For |z| < zr, A=Ay is given by

A Z i W
uj) :“r’gw FO +701€XP (_702 {Tp}) ;; (4)

where u, is the water-side friction velocity (related to u., as U.,=u.+/p,,/ps Where p,, is the water density),
h is the mixed layer depth, z, = 0.5 m is a hydrodynamic roughness length, A:,V is peak wavelength (related
to ¢ as if,’zZn(cp’)z/g using the linear dispersion relation for deep surface gravity waves), and ng, Yo1s
and 7o, are three empirical constants (ygw =1.60, yo; = 0.145, and yg, = 1.33), which were estimated from
LES results [Kukulka and Brunner, 2015]. For |z| > zr, A(z) has an assumed K profile parameterization (KPP)
shape [Large et al., 1994]

A(z)=—w*h<%) (1+ %)2 5)

Following Kukulka and Brunner [2015], the turbulent velocity scale w, is

w. 2\ A
u_:K+VW1eXp(_VW2 {W:|> T (6)

*

where k¥ =0.4 is the von Karman constant, and y,, and y,, are two additional empirical constants
(w1 =249 and y,,, = 0.333). Without LT, Z; =0 and the model converges to the BW only solution for
which mixing is enhanced only near the surface through the factor 75" relative to shear-driven turbu-
lence. We recover the standard shear-driven turbulence (ST) solution when 2 =0 and 78" = K so that
Ao=ku.z, for |z| < zr and A(z) ~ ku.|z| for |z| > zr but still close to the surface. The analytic model accu-
rately parameterizes LES results for idealized equilibrium sea conditions and is computationally much
more efficient than the LES model. Furthermore, it allows the investigation of combined or separate
wave effects (BW only, LT only, BW and LT, or no wave effects).
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3.3. Influence of Swell Waves on MPMD Distributions

Our previous LES studies have been conducted for idealized conditions with equilibrium seas and aligned
wind-waves (i.e, wind and waves propagate in the same directions); however, open ocean conditions such
as those for MPMD observations are commonly characterized by swell waves that are not in equilibrium
with the local wind forcing [Hanley et al., 2010; Semedo et al., 2011]. Swell waves alter the Stokes drift of a
wind-driven equilibrium sea [Webb and Fox-Kemper, 2011] and, therefore, affect the formation of Langmuir
cells [Van Roekel et al.,, 2012; Sullivan et al., 2012; Kukulka et al., 2013; McWilliams et al., 2014; Rabe et al.,
2015].

A preliminary analysis of wave conditions and the swell influence on vertical distributions of MPMD indi-
cates that our analytic solution captures, to leading order, typical wave conditions if a constant wave age
for a fully developed sea is imposed in the model (Appendix A). However, extreme swell waves could mod-
ify the vertical distributions of MPMD, in particular, in low wind conditions. The occurrence of such extreme
swell waves is unlikely and their detailed investigation left for future work.

4, Comparison of Observations and Simulations

4.1. LT Deeply Submerges MPMD

To investigate the influence of waves on the vertical distribution of MPMD, we apply our analytic solution
(3) to observed profiles of the Atlantic (crosses, Figure 2) and Pacific (crosses, Figure 3) Oceans. We do not
consider observation profiles with U;o < 5 m s~ ' because turbulent mixing effects due to wind and waves
are generally small, so that our model approach is not valid. The wind speed (to determine water-side fric-
tion velocity) and mixed layer depth is imposed for each modeled profile based on the observed conditions.
Model solutions are shown for three different cases: (1) shear-driven turbulence only (ST solution, dash-
dotted line), (2) breaking wave and shear-driven turbulence (BW solution, dashed line), and (3) combined
Langmuir, breaking wave, and shear-driven turbulence (LT/BW solution, solid lines). For all wave solutions,
the wave age is assumed constant at 35 (fully developed seas), based on a preliminary wave analysis for
observed conditions (Appendix A). This leaves the surface concentration Cy and buoyant rise velocity w,, as
the only adjustable model parameters.

We first specify C based on the surface observations and w;, based on the laboratory results. For the LT/BW
model, we consider the mean w,=1.4 cm/s, as well as plus and minus one standard deviation, i.e., w,=2.1
and 0.7 cm/s, respectively (three gray curves in Figures 2 and 3). The deepest submergence occurs for the
smallest buoyant rise velocity of 0.7 cm/s and the largest surface trapping for the greatest w,=2.1 cm/s.
Without LT effects, we consider only the smallest w, =0.7 cm/s because surface trapping is much more pro-
nounced, so that larger w;, would result in even greater surface trapping. Note that the BW solution for w, =
0.7 cm/s is close to the LT/BW solution for wy=2.1 cm/s, reflecting the strong control of LT on deeply sub-
merging plastic pieces.

Observed plastic concentrations at depth are much closer to the LT/BW model solutions and usually fall in
between those solutions for minimum and maximum buoyant rise velocity, signifying the importance of LT
in MPMD transport to greater depth. Our results for the ST solution strongly suggest that without wave
effects, deep submergence of MPMD could not occur, even with a relatively small buoyant rise velocity, so
that MPMD would be mainly surface trapped, which is inconsistent with the observations. Note that some
observations agree with both the BW solution for 0.7 cm/s and the LT/BW solution for 2.1 cm/s (e.g., Atlantic
Station 085 in Figure 2 and Pacific Station 051 in Figure 3), which could be due to either swell suppressing
turbulence or a relatively large w,. This highlights the need for more complete measurements of waves and
w;, in order to accurately quantify MPMD.

As expected, the largest concentrations at depth are found for profiles with the highest wind speeds when
turbulent mixing is stronger (Stations 014 and 077 in Figure 2 and Station 069 in Figure 3). Observed profiles
for Atlantic Station 077 and Pacific Station 069 are particularly striking examples for deep submergence that
are consistent with our LT/BW solutions (see discussion below). Because of the limited number of observa-
tions and the variability in buoyant rise velocities and sea states, profiles do not display an obvious correla-
tion between wind speed and concentration at depth as indicated, e.g., by Station 081 (Figure 2) and
Station 035 (Figure 3). Some deep “outliers” exist even for the lowest w,, (e.g., Station 069 in Figure 3), mean-
ing that the observed concentration is higher than the modeled concentration for those cases. In principle,
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Figure 2. Comparisons of the Atlantic Ocean subsurface plastic observations (black crosses) and models using the observed surface concentrations C, for ST with w;, =0.7 cm/s (dash-
dotted line), BW with w,=0.7 cm/s (dashed line), and LT/BW with w,=0.7,1.4,2.1 cm/s (gray solid lines, deeper submergence for smaller w,,). The black line shows LT/BW solutions for
which w;, and Co have been determined (w,, in legend) to match observations. For observed C/Cy < 1073, we set C/C0=10'3. The title shows station name, U, o, and h, respectively.

the model can be improved to capture such deep outliers if multiple buoyant rise velocity classes are
included in a single concentration profile solution. However, the small number of subsurface observations
limits our ability to constrain a solution with multiple buoyant rise velocity classes.

Finally, we solve for C, and w,, by minimizing the sum of the weighted squared differences between the
observed MPMD concentration profile and the LT/BW model solution (solid black curves in Figures 2 and 3).
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Figure 3. Comparisons of the Pacific Ocean subsurface plastic observations (black crosses) and models using the observed surface concentrations Cy for ST with w,=0.7 cm/s (dash-dot-
ted line), BW with w, =0.7 cm/s (dashed line), and LT/BW with w,=0.7,1.4,2.1 cm/s (gray solid lines, deeper submergence for smaller w,). The black line shows LT/BW solutions for
which w;, and C, have been determined (w;, in legend) to match observations. For observed C/Cy < 1073, we set C/Co=10"3. The title shows station name, Uso, and h, respectively.

For each profile measurement, the weights are determined by the number of plastic pieces, which are asso-
ciated with a concentration estimate at depth, divided by the total number of plastic pieces in a profile. This
weighting reflects that concentration estimates with a larger number of pieces are statistically more signifi-
cant. We examine whether our w,, obtained from a completely different approach, is consistent with the
laboratory approach. Without LT effects, the buoyant rise velocity is substantially smaller than 0.7 cm/s, so
that the ST and BW solutions are not consistent with the laboratory estimate of w,=1.420.7 cm/s. With LT
effects, on the other hand, fitting the model C, and w,, to observations yields w,=1.720.9 cm/s for the
Atlantic and w,=1.5%0.8 cm/s for the Pacific. These estimates of w, are only consistent with laboratory
observations if LT effects are included, confirming the importance of LT. Note that the relatively large stand-
ard deviation is only partially due to expected variability in wy, but also captures erroneously variability in
sea states during the observation period (Appendix A) since sea state is assumed constant in the model.
This emphasizes the need for more accurate estimates of sea states to model MPMD. Overall, this compari-
son of observed and simulated MPMD highlights the importance of enhanced mixing due to wave-driven
LT that is required to explain the observed submergence of buoyant plastic debris.

4.2. Relationship Between Wind Stress and Surface Concentration

The mixing effects of waves are wind stress dependent, so that surface concentration Ntow:onAsz C(z)dz
depends on wind speed U, (or u,), where 0.25 m is the net tow depth. Consistent with the analysis for the
Atlantic Ocean [Kukulka et al., 2012b], Pacific surface concentration observations also show that high plastic
concentrations are more often measured at low wind speeds, while lower surface concentrations are associ-
ated with high wind speeds (Figure 4, left). Theory suggests that for fixed w, and wave age, surface
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Figure 4. (left) Wind speed observed surface plastic concentration Ny,,, versus wind speed U;o and (right) water-side friction velocity u. for the Atlantic (blue dots) and Pacific (black dots)
Oceans. For u, > 0.5 cm s~ (dashed red line) wind effects are expected to be significant. Regression lines to the fit Ny, =au® for the observations (red) and ST (dash-dotted line), BW
(dashed black line), and LT/BW solutions (solid black line) using w,, = 1.4 cm s~ . In the left plot, the 24 largest plastic concentration values greater than 4 X 10° #/km? are not shown.

concentrations Ny, are inversely related to u,, because greater u, results in more mixing and reduced sur-
face trapping for constant total MPMD content (Figure 5). Such an inverse relationship between u, and sur-
face concentration is observed despite scatter due to large spatial variability (dots on Figure 4, right). A
linear regression analysis for the combined Atlantic and Pacific data sets for u, > 0.5 cm s~ ', when wind
mixing effects are expected to be important, yields in an inverse relationship of b=—2.7+0.6 (95% confi-
dence interval) for the regression model Ny, =au® (red line in right plot of Figure 4), which agrees with pre-
vious Atlantic results [Kukulka et al., 2012b]. All variables have been nondimensionalized by their respective
units for the regression analysis, so that regression coefficients are nondimensional. Note also that there is
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Figure 5. The fraction of total depth-integrated plastic concentration (Ny) represented by the surface concentration (N,) as a function
of water-side friction velocity u. (or U;o) for the ST, BW, and LT/BW solutions with w;,=1.4 cm/s and wave age 35.
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substantial scatter, e.g., due to the

Table 1. Increase Factors Nyt /Nioy for the Atlantic and Pacific Oceans? . e .
large spatial variability in plastic con-

Atlantic Ocean Pacific Ocean K Rk .
centration, that is not explained by
wp (cms™) Wave Effects Average Max Average Max . ..
the simple empirical model.
0.7 LT and BW 8.2 88.8 13.3 79.9
BW 29 16.1 33 108 To determine whether the ST, BW, or
st 13 57 1.4 34 LT/BW solutions best fit the observa-
14 LT and BW 3.7 40.7 5.3 34.6 ) v th irical
BW 17 6.8 19 49 tions, we apply the same empirica
ST 12 2.1 13 16 regression analysis NmW:auf to the
21 LT and BW 24 21.1 3.3 17.3 analytic model. Note that b could
BW 14 44 15 33 | velv be d ined vt
ST 12 15 12 14 alternatively be determined analyti-

cally from an asymptotic analysis

*The increase is defined as the increase in the total plastic concentration from f 3 b his i ith .
the surface concentration, averaged over all observations. Best estimates, based of (3), but this is neither parti-
on comparisons between model solutions and observed profiles, are shown in cularly straightforward nor physically

bold. insightful. With the default values,
wp=1.4 cm/s and ¢, /u.q=35, the resulting regression coefficient is b=—0.2 for the ST solution (dash-dotted
line in Figure 4), b=—0.8 for the BW solution (dashed line in right plot of Figure 4), and b=—2.1 for the
LT/BW solution (solid line in right plot of Figure 4). For the empirical fit to the analytic model solutions, the
95% confidence intervals of b are over an order of magnitude smaller than |b| and substantially smaller
than for the observations. Therefore, only the LT/BW solution is consistent with the observed relationship
between wind stress and surface concentration, highlighting again the need for LT dynamics to explain
deep submergence of MPMD.

5. Estimate of Total Plastic Concentration

Maps of the surface observations from the Atlantic and Pacific Oceans (Figure 1, top) reveal large-scale spa-
tial distribution patterns of MPMD. Higher concentrations of MPMD are found in the ocean gyres, consistent
with wind-driven convergent surface flows associated with Ekman transport [Law et al, 2010, 2014]. We
apply the buoyant tracer concentration model for different wave and buoyant rise velocity conditions to
each surface observation, in order to estimate total upper ocean MPMD content Nmr:ffh C(2)dz, i.e. vol-
ume concentrations integrated over the mixed layer. The wind stress is estimated from observed wind
speeds, and the mixed layer depth is set constant at a typical value of h =30 m, based on CTD profile
observations.

The model solution is applied to obtain estimates of N, from measured N,,,, and measured wind speeds.
For the simulations, we use the LT/BW solution with w,=1.4 cm/s and ¢, /u.,=35, representing typical con-
ditions (Figure 1, bottom). The largest increase of total concentration occurs for observations with relatively
low surface concentrations, because wind-driven mixing is usually enhanced for those cases. On average,
Nor exceeds Ny, by a factor of 3.7 for the Atlantic Ocean and 5.3 for the Pacific Ocean, with maximum
increases by a factor of 40 and 34 for the Atlantic and Pacific Oceans, respectively (Table 1). These estimated
values of Nyt /Niow are greater than those from Kukulka et al. [2012b], because this study captures explicitly
and more accurately the effects of deeply submerging LT.

To better understand the physical significance of wave-driven mixing, we also compute solutions for ST,
BW, and LT/BW solutions and w,=0.7,1.4,2.1 cm/s (Table 1). BW effects alone nearly double the mean total
plastic concentration estimates, even for relatively large w;,, with a maximum increase of 4 and 3 for the
Atlantic and Pacific Oceans, respectively. The LT/BW solution for w, =0.7 cm/s, representing the largest solu-
tion, yields an increase in mean total concentration of 8.2 times the surface concentration for the Atlantic
Ocean and 13 times the surface concentration for the Pacific Ocean. For particular net tows, Niot/Nioy, mMay
increase by more than a factor of 88 and 79 for the Atlantic and Pacific Oceans, respectively (Table 1).

Estimates of N /Niow indicate that both buoyant rise velocity and wave-driven mixing have an important
influence on the total plastic concentration (Table 1). As buoyant rise velocity decreases by 0.7 cm s~ from
its mean value, the total concentration estimate approximately doubles (e.g., 3.7 with w, = 1.4 cm s to
8.2 with w, = 0.7 cm s~ ' for the Atlantic Ocean for LT/BW). The addition of LT also approximately doubles
the total concentration estimate independent of buoyant rise velocity (e.g., 1.7 with BW only to 3.7 for LT/
BW for the Atlantic Ocean with w;, = 1.4 cm s~ ). The increased total concentration (by a factor of 3 to 13
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times the observed surface concentration) resulting from the inclusion of wave-driven mixing indicates the
substantial underestimation of total buoyant plastic concentration from surface measurements alone. Fur-
thermore, our results suggest that accurate measurements of the sea state and buoyant rise velocity are key
factors in further refining estimates of buoyant MPMD.

6. Conclusions

In this second part of a two-part investigation with focus on passive buoyant tracers in the ocean surface
boundary layer, we compared simulations with observations of buoyant microplastic marine debris (MPMD)
to determine the effect of wind and wave-driven mixing on vertical MPMD distributions. Simulations are
based on the large eddy simulation (LES) and the parametric one-dimensional column model from part one
[Kukulka and Brunner, 2015]. Both models capture wind-driven shear turbulence (ST), wave-driven Langmuir
turbulence (LT), and enhanced turbulent kinetic energy input due to breaking waves (BWs). In order to
investigate LT and BW effects, which can be imposed independently in the model, we analyzed solutions
for only BW effects, combined LT and BW effects, and without any wave effects (ST solutions).

Model results of MPMD concentration are only consistent with observations if the effect of LT is included in
the solution. Without LT effects, model solutions do not capture relatively high MPMD concentrations at
greater depth. Furthermore, observations reveal an inverse relationship between wind stress and MPMD
surface concentrations, indicating the importance of wind and wave-driven mixing. ST and BW-only solu-
tions underestimate this surface mixing effect. Only the LT/BW solution is consistent with the observed rela-
tionship between wind stress and surface concentration, highlighting the importance of LT in deeply
submerging MPMD. Therefore, our results suggest that observed MPMD distributions are a characteristic
signature of wave-driven LT. This study demonstrates the importance of LT as a principle transport mecha-
nism for buoyant tracers in the ocean surface boundary layer, resulting in their deep submergence.

It is important to keep in mind potential uncertainties and limitations of our approach. Although our analy-
ses indicate that our model solutions are applicable to typical sea states, large swell waves may influence
near-surface mixing, in particular, in the lowest wind conditions. Swell effects will be investigated more
comprehensively in a future study. In addition, our analyses also highlight the need for more complete
measurements of waves and buoyant rise velocity, in order to accurately quantify MPMD.

Finally, we have applied our model to surface MPMD observations [Law et al., 2010, 2014] to estimate total
(i.e., depth-integrated) MPMD concentration in the Atlantic and Pacific Oceans under different combinations
of turbulent conditions and buoyant rise velocities. Model results reveal that total MPMD concentrations are
substantially underestimated by surface measurements. On average, total MPMD concentrations increase
by a factor of 3.7 times the surface concentration for the Atlantic Ocean and 5.3 times the surface concen-
tration for the Pacific Ocean if mixing induced by LT and BW is accounted for. For particular net tows, the
total MPMD concentration may increase by more than a factor of 88 and 79 relative to the surface estimate
for the Atlantic and Pacific Oceans, respectively. These estimates of Ny /Ny are larger than those from
Kukulka et al. [2012b], because this study captures explicitly the effects of deeply submerging LT. In order to
make better estimates of total plastic concentration in the future, our results strongly suggest that we need
more comprehensive observations of (a) buoyant rise velocity distributions to determine probability density
functions, (b) two-dimensional wave height spectra, (c) wind vectors to estimate the wind-wave misalign-
ment, and (d) plastic concentration at depth to constrain models. With improved estimates of the amount
and vertical distribution of buoyant MPMD, we can better understand the impacts of this pollutant on the
marine ecosystem.

Appendix A: Influence of Complex Wave Conditions on MPBD Distributions

In order to better understand uncertainties of the analytic model applied to observed MPMD, we assess
realistic wind and wave conditions, including misaligned swell waves. Note that aligned means here that
the misalignment angle between wind and wave propagation directions is zero. Misalignment refers to the
significant misalignment angles with maximum misalignment for opposing wind and wave directions. We
will first estimate the likely range of typical sea states to assess the applicability of our idealized model
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Figure 6. Comparison of histograms of the observed wind speed U, for the (left) Atlantic and (right) Pacific Oceans subregions. The wind

speeds are generally low, with the majority of observations falling between U;o=5and 10 m s~ .

solutions during the observation period. The second goal of our wave analysis is to investigate some of the
most extreme swell effects on buoyant tracer mixing in order to assess potential model uncertainties.

A1. Estimates of Typical Sea States

To estimate realistic wave properties such as wave age, direction of propagation, significant wave height, and
peak period, we use NOAA’s archived WAVEWATCH Ill data [Tolman, 2009]. WAVEWATCH Il is an ocean wave
model that uses operational NCEP wind vectors as inputs to solve the random phase spectral action density
balance equation for wave number-direction spectra and outputs two-dimensional wave height spectra
[Tolman, 2009]. The wave model is run on a global and five regional nested grids. The regional models obtain
boundary data hourly from the global model and each model is run 4 times daily for a 126 h forecast with 6 h
hindcast to ensure continuity of swell conditions. The 70 arc min global grid (pre-2005) and 30 arc min global
grid (post-2005) are used to obtain bulk spectral wavefield properties for the observation regions and time to
complement the observational data to systematically assess wave-driven mixing effects.

Because there is substantial uncertainty associated with WAVEWATCH Il predictions for complex swell seas
for a particular instance and location, we choose a robust statistical analysis to characterize realistic sea
states. This allows us to analyze a range of conditions that can be captured by the model and their implica-
tions for mixing. As a first step, WAVEWATCH lll statistics are obtained for the Atlantic (between 22°N-38°N
and 40°W-77°W) and Pacific (between 19°N-41°N and 118°W-177°W) Ocean observation regions and a sin-
gle combined observation time period. The WAVEWATCH Il data are extracted for each month in which
observations were made. Statistical distributions are then obtained for the Atlantic and Pacific regions for
all spatial and temporal data points. A preliminary analysis of wind and wave conditions indicates that sta-
tistics are not sensitive to different geographic subregions or time periods.

Observed wind speeds are fairly typical, nonstorm conditions (Figure 6). We focus on the wave parameters
significant wave height h,, peak period T, wave age ¢,/u.q where c, is the peak phase speed, and the dif-
ference between wind and wave propagation direction, i.e., the wind-wave misalignment angle, 6 for typical
wind speeds between 5 and 10 m s~ '. We find that seas are relatively old and wind and waves are roughly
aligned (—45° <0 < 45°) approximately 50% of the time (Figure 7). This indicates that wavefields are either
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Figure 7. Comparison of histograms of the WAVEWATCH significant wave height h, peak period T, wave age ¢, /u.q, and wind-wave misalignment angle 0 for the (top row) Atlantic
and (bottom row) Pacific Ocean subregions (see main text) with U;o = 5-10 m s~ '. Wave ages are relatively old and wind and waves are aligned approximately 50% of the time.

close to fully developed equilibrium wind seas or contain an important swell contribution. This is expected
given the open ocean conditions with large fetch and relatively low wind speeds that allow surface waves
to develop [Semedo et al., 2011]. When wind and waves are approximately aligned, our model is approxi-
mately applicable (or mixing is even further enhanced, as discussed below) to the surface observations for a
fully developed sea with wave age ¢,/u.q = 35 as this falls well within the previously identified range for
which the parametric model accurately captures LES results with LT and BW effects.

A2. Estimates of Swell Stokes Drift

Previous studies indicate that swell waves which propagate along the wind enhance LT; whereas swell
waves which propagate against the wind weaken LT [Van Roekel et al., 2012; Sullivan et al., 2012; Kukulka
et al.,, 2013; McWilliams et al., 2014; Rabe et al., 2015]. Based on our analysis of sea states, we estimate the
influence of swell waves on the Stokes drift profile for typical and extreme swell waves that either propa-
gate along or against the wind. If we assume that the wave height spectrum consists of a wind-driven part
and a swell part, the Stokes drift vector can be decomposed into

Us=ay'+u; (A1)

where i is the wind-driven part and &; is the swell part. Assuming furthermore weak interactions between
the swell and wind-sea wave spectra, Uy =(u%,,0,0) is given by (2) [McWilliams et al., 2014]. The swell part

X0
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Figure 8. Comparison of the total Stokes drift velocity profiles for swell waves aligned (black lines) and 180° misaligned (red lines) with
wind and waves with (left) U;o=5m s~ " and (right) U;o=10m s~ ' and /1:,:100 m (T, = 8 s). Stokes drift without swell (solid blue line)
and extreme swell cases (dash-dotted lines) with ).2270 m (T, = 75s).

of the spectrum is represented by a monochromatic wave with period T, significant wave height hj, and
direction ¢* relative to the wind, so that

U;=us(cos &, sin ¢, 0) (A2)

where the swell Stokes drift magnitude is

n3h? 8n%z
ui(2)= 97553 exp <gT;2> (A3)

Consistent with (A1), the significant wave height has swell and wind-wave contributions

hi=h{?+h3 (A4)

where hY is the equilibrium wind-sea component and h; is the swell wave component. The equilibrium
wind-sea component is estimated using the empirical formula [Moskowitz, 1964]

h%=0.24U3,/g (A5)

which is consistent with our wave spectrum for ¢, /u.,=35 [Donelan et al., 1985]. Using (A5) in (A4), we calcu-
late the swell significant wave height for swell seas with ¢, /u., > 40. Analysis of the wave and wind data sug-
gests that the average swell significant wave height is h] = 1.2 = 0.4 m (average plus and minus the standard
deviation) for both the Atlantic and Pacific Oceans with peak periods, T,, exceeding 8 s. As a first step to inves-
tigate typical conditions, we choose a small T, = 8 s, so that the resulting Stokes drift and its shear are rela-
tively large and swell effects are likely overestimated since LT producing Stokes shear is more significant for
this 7. In order to understand an extreme swell effect, we also consider an unlikely extreme swell wave with
hs=3mand T,=7s, guided by the distributions from Figure 7.

Using (A1), the total Stokes drift velocity profile including swell waves aligned (6 = 0°) and misaligned (6 = 180°)
with winds U;o = 5, 10 m s~ ' and waves is plotted for expected (h;=1.2,1.6 mand /1;:100 mor T; ~ 8s)and
extreme (h;=3 m and i;=70 m or T; ~ 7 s) conditions (Figure 8). The angles of misalignment 6 = 0° and 180°
are chosen as they represent the extreme limit of altering the wind-sea Stokes drift profile and, thus, influencing
LT. Swell waves at higher wind speeds do not much alter the Stokes drift profile and are therefore unlikely to
greatly affect LT and the mixing of a buoyant tracer (Figure 8, right). For U;o=5m s ' and typical swell condi-
tions, the Stokes drift shear is still strong even for misaligned cases at lower wind speeds, so realistic swell waves
may not strongly affect the formation of LT and mixing (Figure 8, left). However, extreme swell waves alter the
Stokes drift profile at lower wind speed so we expect them to affect mixing (Figure 8, left, dash-dotted lines).

A3. Swell Effects on Mixing
In order to understand the swell influence relative to equilibrium wind-wave conditions, we design LES
experiments for aligned and misaligned (0 =0, 180°, respectively) swell waves with U;jo=5 m s~ ' and
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compare concentration profile results to known parametric model solutions (3). Wind speed U;p=5ms""

is chosen as we expect the swell to have a larger effect on mixing than for higher wind speeds. Realistic
swell waves make very little difference in the amount of plastic contained at depth compared to the case
without swell effects (Figure 9, blue line). However, the aligned extreme swell waves enhance deeper con-
centrations while the misaligned extreme swell wave significantly reduces the plastic concentration at
depth. The misaligned extreme swell solution is close to the parametric BW only solution. The parametric
solution for a fully developed sea with LT and BW is the most likely solution. Aligned swell waves only fur-
ther increase the concentration at depth, so potentially plastics have an even higher concentration.
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